The development of a clear understanding of the physiology of marine prokaryotes is complicated by the difficulties inherent in resolving the activity of various components of natural microbial communities. Application of appropriate molecular biological techniques offers a means of overcoming some of these problems. In this regard, we have used direct probing of bulk RNA purified from selective size fractions to examine variations in the rRNA content of heterotrophic communities and Synechococcus populations on the southeastern U.S. continental shelf. Heterotrophic communities in natural seawater cultures amended with selected substrates were examined. Synechococcus populations were isolated from the water column by differential filtration. The total cellular rRNA content of the target populations was assayed by probing RNA purified from these samples with an oligonucleotide complementing a universally conserved region in the eubacterial 16S rRNA (heterotrophs) or with a 1.5-kbp fragment encoding the Synechococcus sp. strain WH 7803 16S rRNA (cyanobacteria). The analyses revealed that heterotrophic bacteria responded to the addition of glucose and trace nutrients after a 6-h lag period. However, no response was detected after amino acids were added. The cellular rRNA content increased 48-fold before dropping to a value 20 times that detected before nutrients were added. Variations in the rRNA content from Synechococcus spp. followed a distinct diel pattern imposed by the phasing of cell division within the irradiance cycle. The results indicate that careful application of these appropriate molecular biological techniques can be of great use in discerning basic physiological characteristics of selected natural populations and the mechanisms which regulate growth at the subcellular level.
The development of a clear understanding of the physiology of marine prokaryotes is complicated by the difficulties inherent in resolving the activity of various components of natural microbial communities. Application of appropriate molecular biological techniques offers a means of overcoming some of these problems. In this regard, we have used direct probing of bulk RNA purified from selective size fractions to examine variations in the rRNA content of heterotrophic communities and Synechococcus populations on the southeastern U.S. continental shelf. Heterotrophic communities in natural seawater cultures amended with selected substrates were examined. Synechococcus populations were isolated from the water column by differential filtration. The total cellular rRNA content of the target populations was assayed by probing RNA purified from these samples with an oligonucleotide complementing a universally conserved region in the eubacterial 16S rRNA (heterotrophs) or with a 1.5-kbp fragment encoding the Synechococcus sp. strain WH 7803 16S rRNA (cyanobacteria). The analyses revealed that heterotrophic bacteria responded to the addition of glucose and trace nutrients after a 6-h lag period. However, no response was detected after amino acids were added. The cellular rRNA content increased 48-fold before dropping to a value 20 times that detected before nutrients were added. Variations in the rRNA content from Synechococcus spp. followed a distinct diel pattern imposed by the phasing of cell division within the irradiance cycle. The results indicate that careful application of these appropriate molecular biological techniques can be of great use in discerning basic physiological characteristics of selected natural populations and the mechanisms which regulate growth at the subcellular level.
The microbial biota is now generally considered to be of great importance to the overall energy and mineral balance in marine ecosystems. Diverse, albeit largely nonculturable, heterotrophic communities are present in marine waters and play an essential role in the oceanic microbial loop (12) . The photoautotrophic component of these communities is often dominated by coccoid cyanobacteria, Synechococcus spp., that can be responsible for the bulk of photosynthetic carbon input into the ecosystem (20, 45) . Developing a better understanding of the physiology of these separate microbial communities is essential to deriving a more mechanistic view of how their growth is regulated in situ.
A variety of techniques have been used to study the physiology and production of natural heterotrophic communities. Incorporation of radiolabeled precursors of nucleic acids and protein has been widely used to examine bacterioplankton growth (16, 26, 28) , as have seawater cultures of different types (2, 15, 23) . Application of macromolecular labeling techniques within such defined culture protocols has been particularly useful in discerning various aspects of cell physiology and overall patterns of balanced and unbalanced growth in natural populations (8, 13, 27) . There have also been numerous studies of a variety of marine bacteria that were amenable to culture. Aspects of the physiology of marine bacteria undergoing nutrient deprivation and subsequent recovery to logarithmic growth have been of particular interest (36) .
Studies of natural Synechococcus populations in situ have focused on quantifying rates of photosynthesis, aspects of carbon metabolism, and the overall pattern of cell division (5, 21, 22, 40, 41) . Studies of pure cultures of marine Synechococcus spp. have led to a more detailed understanding of the physiology of these organisms. Much is known about basic aspects of photosynthesis, pigment composition, and nutrient incorporation (7) . Fundamentals of macromolecular synthesis and growth regulation have also been reported (30, 31) . Many of the techniques used in studies of growth and physiology continue to provide valuable information. However, the primary techniques of macromolecular labeling do have several inherent limitations. For instance, in natural populations of bacterioplankton, radiolabeled macromolecular precursors may not be universally incorporated by different heterotrophs in situ and thus may not accurately reflect macromolecular synthesis in the entire community (11, 25) . In addition, precursors such as [3H] thymidine are subject to intermediary metabolism, which can lead to labeling of nontarget macromolecules (4). Radiolabeled macromolecular precursors are assimilated in very small quantities by marine cyanobacteria, thus limiting their application to studies of strains grown in culture to population densities significantly higher than those observed in situ (30, 31) . One means of circumventing these problems is to directly examine specific, physiologically important macromolecules with measurements that do not rely on assimilation and incorporation of exogenously supplied substrates. Variations in ribosome content are intimately linked to growth regulation, and the fundamental theories relating rRNA synthesis to growth regulation in prokaryotes have been known for over 30 years (34 16 .0, and 1.0 ,uM, respectively. In addition, a trace-metal stock solution was added to a final concentration of 0.1 times that used in standard seawater culture media (46) . All supplements for both treatments were sterile. A third set of bottles was incubated without any substrate additions. The bottles were incubated on deck in individual incubators cooled with surface-temperature seawater. Samples (500 to 1,500 ml) were taken over the following 24-h period and processed for cell counts and measurement of rRNA content. The sample for the initial time point was taken prior to distribution of aliquots to the incubation bottles. Samples for RNA purifications were collected on three separate 0.22-,umpore-size polycarbonate membrane filters (45 mm; Nuclepore Corp., Pleasanton, Calif.). Cell material was washed once with 50 ml of sterile 0.4 M NaCl and placed in polycarbonate tubes, and then 3 ml of LiCl-sodium dodecyl sulfate (SDS) extraction buffer was added (32) . The samples were vortexed and subsequently frozen at -20°C until analyzed further.
Studies of Synechococcus populations were conducted to examine diel variations in rRNA content. Seawater (10 liters) was prefiltered through 2.0-,um-pore-size polycarbonate membrane filters. Synechococcus cells were collected on 0.6-pm-pore-size filters and washed with sterile saline.
Three to five filters were used to facilitate rapid sample collection. The washed filters were placed in 5 ml of LiCl-SDS extraction buffer that had been modified to contain 1.0% SDS and were frozen for storage. Filtrations were generally completed within 30 min of sample collection. All samples taken at night were processed in a darkened laboratory under minimal illumination.
Additional samples for cell counts were taken for all time points at both stations. Aliquots were preserved with formaldehyde and stored at 4°C until counted. Bacterial cell numbers were determined after being stained with acridine orange (24) , and Synechococcus numbers were quantified by counting autofluorescing cells on irgalan black-stained polycarbonate filters observed under epifluorescent illumination (45) . All counts were performed with an Olympus Vanox AH2 epifluorescent microscope.
RNA purifications. RNA was purified from filters by using slight modifications of previously described methods (32) . Frozen samples were rapidly thawed at 65°C, vigorously vortexed to remove most of the cells from the filters, and placed on ice. The polycarbonate membranes were taken out of the original tubes, placed on a clean surface, and macerated with a scalpel to facilitate collection of any cells not previously removed. The resulting pieces were collected and returned to the tube containing the previously removed cells.
The entire mixture was vortexed a second time and then heated at 65°C for 10 min. The extraction buffer containing the crude cell lysate was separated from the filter debris and placed in fresh tubes. RNA was purified from the lysate with repeated acidic phenol and chloroform extractions followed by DNase treatment and ethanol precipitation (32 
RESULTS
RNA purifications and structure. RNA isolated from both stations had distinct ribosomal subunits with minimal apparent degradation as assessed by denaturing agarose gel electrophoresis (Fig. 1) . However, the banding patterns were different. Samples from station 3 were similar to those observed from the marine heterotrophic bacterium Vbrio alginolyticus, with major bands corresponding to 23S and 16S rRNA (Fig. 1, lanes 1 and 2) . Samples from the 0.6-p,m fraction from station 8 were similar to those observed in RNA purified from cultured marine Synechococcus sp. strain WH 7803, with additional bands at 2.4 and 0.5 kbp (Fig. 1, lanes 3 and 4) .
Shift-up responses from station 3. Cell numbers did not vary over the course of the incubation period in the control and amino acid-amended cultures established at station 3 ( Fig. 2A and B) . Replicate bottles enriched with glucose and inorganic nutrients maintained a constant density of approximately 109 cells liter-1 for 6 h after nutrient addition. The population increased linearly to a density of 7.0 x 109 cells liter-1 over the next 18 h, after which the experiment was terminated (Fig. 2C) . The doubling time observed during logarithmic growth initiated after the shift-up was 6.4 h. Increases in cell size were observed 18 h after the cultures were amended (data not shown).
The total RNA recovered from 1,500-ml filtrates from the C.
-D. (32) . There were slight increases in 16S rRNA hybridization in the latter portion of the experiment for the control and amino acid-amended cultures (Fig. 2C) . Differences between the treatments were indistinguishable as hybridization increased from 6 to 30 dpm/106 cells. The glucose-and trace-nutrient-amended bottles had a much more pronounced response, which began 6 h after substrate addition. Hybridization increased 48-fold (7 to 340 dpm/106 cells) during the next 12-h period. There was a marked decline after this point, and at the termination of the experiment, the 16S rRNA content had decreased to values that were approximately 20-fold greater (146 dpm/106 cells) than those observed prior to the shift-up (Fig. 2C) . The increase in ribosome content occurred during the night, whereas the decline occurred during the final morning period. Dot blots from this experiment were probed with the 1.5-kbp cyanobacterial 16S rRNA probe (data not shown). Although there was sufficient homology between this fragment and the purified RNA for significant hybridization to (Fig. 3A) . The peak value was observed during the evening (2230 h), after which the density decreased slowly to a value similar to that observed at the start of the experiment (6.3 x 107 cells liter-1). The doubling time during the initial 12-h period was 32 h. Recovery of RNA in the 0.6-to 2.0-p,m fraction ranged from 5.0 x 10-6 to 11.0 x 10-6 g/10-liter sample. The cellular RNA content ranged from 6.8 x 10-15 to 18.0 x 10-15 g. In preliminary experiments it was determined that the probe generated from Synechococcus sp. strain WH 7803 hybridized specifically to a single band corresponding to the 16S rRNA subunit on denaturing agarose gels. Hybridization of the 16S rRNA probe to dot blots was normalized to cell number as previously described; it ranged from 160 to 530 dpm/106 cells (Fig. 3C) . A clear diel pattern of variation in cellular ribosome content was detected. Peak values were found during daylight hours, with a marked decline in the evening. Hybridization increased in the period between dawn and midmorning of the second day. The values observed for the initial and final samples taken at 1030 h were similar (417 and 319 dpm/106 cells).
DISCUSSION
Gaining an understanding of how growth is regulated in natural communities of marine prokaryotes will depend in part on applying a method with sufficient power to resolve ecologically relevant physiological changes in target populations. In this study we have used 16S rRNA probes to evaluate how specific environmental factors affect cellular Electrophoretic analysis of the RNA purified from each study site revealed that the differential filtration techniques used were selective for the two communities of interest (Fig.  1) . The banding patterns observed for station 3 were typical of those found for most prokaryotes (lanes 1 and 2) , whereas those from the 0.6-to 2.0-,um fraction from station 8 were typical of cyanobacterial RNA (lanes 3 and 4) (42, 43) . The particular ribosomal banding pattern observed for both the natural sample and culture of Synechococcus sp. strain WH 7803 is thought to be associated with a specific cleavage of the 23S rRNA subunit during the purification process (43) . Although the additional bands that were observed were a good indicator of the presence of cyanobacterial RNA in the samples from station 8, it is important to note that RNA of heterotrophic origin will comigrate with the dominant 16S and 23S rRNA bands. Similarly, the 16S rRNA probe developed from Synechococcus sp. strain WH 7803 also hybridizes heterologously to RNA from the 0.2-,um fraction. Therefore, with the techniques used, it is not possible to eliminate the effects of RNA derived from heterotrophs collected in the 0.6-to 2.0-,um fraction on hybridization analyses of the Synechococcus samples. Given that there was considerably more sample filtered for the cyanobacterial samples (10 versus 0.5 to 1.0 liter), and that markedly different diel patterns were noted for the separate communities, it is clear that the method was selective. The net effect of the "contaminating" RNA will be to increase the background and reduce the resolution of the probe for the Synechococcus population. Therefore, the patterns we observed should be considered to be conservative. An essential component of this method is the ability to quantitatively purify RNA from all organisms present in the samples. The purification protocol used in this study (SDS lysis buffer followed by freezing and subsequent hot-phenol extraction) has been used successfully in laboratory studies with marine bacteria and cyanobacteria (28a). Although it is an effective way of obtaining such quantitative recoveries in these cases, it will be important in future efforts to assess whether members of a community remain intact and hence are not represented in the final analyses. Of the three treatments applied to seawater cultures from station 3 (Fig. 2) , only the most highly enriched cells (glucose and trace metal amended) responded over the diel cycle. Cell numbers and cellular rRNA content increased in concert after a lag of 6 h; however, rRNA content increased more rapidly than the division rate, and the cells entered a period of unbalanced growth. The transient increase in cellular rRNA content was similar to that observed in laboratory cultures of marine bacteria recovering from nutrient limitation, and the pattern most probably reflects the dynamics of changing cell physiology over the course of growth in batch cultures (32 (27) . In estuarine waters, cell growth was enhanced after a 6-h lag time by the addition of 25 to 100 mg of yeast extract per liter; stationary phase was reached after 9 h (9). RNA synthesis measured by [3HJadenine incorporation reached a maximal value 6 h after substrate addition and declined thereafter. The fact that we observed variations in rRNA only after heavy enrichment may be a function of an enhancement of a subpopulation of copiotrophic bacteria within the original community (15, 23, 35) . The lack of response to the addition of amino acids suggests that the community was not energy limited or, alternatively, that probing bulk community RNA with probes to universally conserved regions does not have sufficient resolution to detect a shift in a subpopulation responding at a low level.
The variation in Synechococcus cell density and rRNA content detected at station 8 is most probably a consequence of cell division phased to the diel variation in the availability of irradiance (Fig. 3) . Diel patterns of cell division for natural populations of Synechococcus spp. have been reported previously (5, 6, 41) . In the Sargasso Sea the highest frequency of dividing cells was observed at night (5, 41), although in Long Island Sound division occurred predominately during daylight hours (6) . The division time of 32 h observed in the present study is within the range observed by others (45) . The cellular RNA content in this population was similar to that reported for nitrogen-limited chemostatgrown cells (15 x 10-15 to 30 x 10-lfg [29] ) and somewhat lower than that of cells from irradiance-limited batch cultures (70 x 10-15 to 160 x 10-15 g [31] ).
As Synechococcus cells grew throughout the daylight period, the ribosome content increased. The maximum total cellular RNA and rRNA at 1200 h were 2.6 and 3.3 times higher, respectively, than the values observed after cell division at night. Variations in the rate of RNA synthesis and total RNA content have been demonstrated in unphased cultures of Synechococcus sp. strain WH 7803 after shifts in irradiance (31) . Direct probing of the 16S rRNA content revealed a similar pattern (29) . Studies of natural populations of Synechococcus spp. have shown that the percentage of photosynthetically derived 14C found in nucleic acid pools declined at night during long-term incubations (22) . These data emphasize that variations in cellular ribosome content occur on short time scales and suggest that it will be important to place diel measurements of the abundance of specific mRNAs from Synechococcus populations into the context of variations in the global transcription rate (39) .
The results of this study demonstrate the utility of direct probing of 16S rRNA as a means of assessing specific aspects of the physiology of phototrophic and heterotrophic prokaryotes in marine waters. Simple differential filtration and seawater culture protocols in combination with this technique are sufficient to characterize fundamental aspects of growth regulation in the target populations. These methods will provide a useful complement to traditional macromolecular labeling techniques and more recent advances in single-cell methods. The resolution of the technique will improve as other, specific oligonucleotide probes become available. A more mechanistic view of how growth is regulated in these communities will therefore be advanced by using these methods in more detailed sampling regimes and seawater culture studies.
